Liver diseases still have a high mortality even though liver transplantation has become a standard treatment. Currently, hepatocyte transplantation has been proposed as another promising strategy. One limitation is the availability of human livers as a source of hepatocytes. Because of an unlimited supply, the use of porcine hepatocytes might address this problem. Regardless of the source, once isolated hepatocytes lose specific functionality due to the loss of the natural microenvironment. For this reason, we tested the ability of a selfassembling peptide nanofiber (SAPNF) to provide a provisional three-dimensional (3D) support to interact with cells to control their function in vivo. Isolated porcine hepatocytes were embedded in SAPNF, or collagen type I and transplanted by direct injection into the splenic pulp of SCID mice suffering from acute liver failure (ALF) by 90% hepatectomy. SAPNF porcine hepatocyte transplantation produced engraftment that was far superior to that obtained using collagen and prolonged the survival of mice with ALF, in contrast with controls. An ultrastructural evaluation using transmission electron microscopy indicated extensive cellcell communication and preservation of hepatocyte architecture. The transplanted SAPNF hepatocytes showed higher expression of albumin and PAS and lower apoptotic events assessed by TUNEL staining. Hepatocytes culture in a truly 3D network allows in vivo maintaining of differentiated functions, and once transplanted between widely divergent species can function to correct acute liver failure in mice and prolong their survival.
INTRODUCTION
hepatocytes to use as a temporal support while a patient's own liver recovers is one of the major drawbacks (16) . The use of xenogeneic hepatocytes, from animals Currently, acute liver failure is a catastrophic illness associated with the death of many patients while waiting such as pigs, might be advantageous for treating hepatic failure (5, 25, 27) . for transplantation (21) . Considering the vigorous regenerative capacity of the liver (22) , some forms of acute Hepatocytes comprise the main metabolically active cells of the liver. However, when removed from the liver failure (ALF) can be managed with several bridging techniques during the waiting time (13, 14, 34, 35) .
complex architecture of the liver, loss of cell anchorage occurs. It exerts major stress on hepatocytes by the disHowever, the lack of livers to be used as a whole for orthotopic liver transplantation (OLT) (3) or to isolate ruption of cell-cell and cell-matrix interactions, result-800 YAMAMOTO ET AL.
ing in loss of differentiated functions such as liver-MATERIALS AND METHODS specific gene expression, because they are anchorage Animals dependent and sensitive to environmental factors (29) .
White pigs weighing around 20 kg were used as doThe use of an adequate substratum may allow isolated nors of hepatocytes for transplantation experiments. Sehepatocytes to recover from the stress of the isolation vere combined immunodeficient (SCID) mice (10-12 procedure, to engraft in a better manner, and therefore weeks old) were maintained at the Animal Center of maintain liver-specific functions in vivo. To this end, Okayama University and used as the recipient mice for researchers have focused on the design of three-dimenthe hepatocyte transplantation. Mice were placed in sional (3D) scaffolds synthesized from synthetic polycages within a temperature-controlled room with a 12-h mers (23, 24, 28, 31) or from natural ECM components light/dark cycle and ad libitum access to food and water. (2,9,17).
All animal procedures were approved by the Okayama A major limitation of ECM-derived systems is their University Institutional Animal Care and Use Compotential inflammatory responses and cell cytotoxicity mittee. when the material is implanted into a host (4). In addition, these biomaterials are often made of microfibers Hepatocyte Isolation with diameters drastically different in size, surface interUnder general anesthesia, pigs (JA West, Okayama, action, porosity, and concentration relative to the native Japan) weighing 20 kg underwent upper middle incision ECM and cells interacting with it. Therefore, cells and the left lateral lobes, weighing 80 g, were surgically attached on microfibers are in fact 2D despite the variremoved for hepatocyte isolation. Hepatocytes were isoous curvatures associated with the large diameter microlated with a four-step retrograde dispase/collagenase fibers. Because the 3D topography influences cellular perfusion method as previously described (20) . polarization and cytoskeletal arrangement, there is a After isolation, the cells were resuspended with close relationship between the 3D architecture of the DMEM medium (Sigma), and the cell viability was decells and their differentiated function (1). Understanding termined by trypan blue exclusion test. In our experithe conditions necessary for a normal hepatocyte to exments, we only used isolated hepatocytes if the viability press its full functional repertoire is critically important of the cells exceeded 90%. for the selection of an appropriate scaffold to improve the success of hepatocyte transplantation. Efforts are inHepatocyte Transplantation creasing to recreate a functional liver outside its own Ninety percent hepatectomy was performed on SCID niche. Thus, it is important to know the need of the hemice (Nippon CLEA Co. Tokyo, Japan) to induce ALF patocytes, and try to cover them in order to establish a and, simultaneously, SAPNF-or collagen-suspended hereal atmosphere where the hepatocytes can be placed patocytes were transplanted into the spleen of the mice and continue to function.
by direct inoculation into the pulp. In brief, porcine heWe have previously demonstrated the use of a 3D patocytes were resuspended with 50 µl of 10% sucrose biomaterial through molecular self-assembling in hepasolution (Supelco, Bellefonte, PA), and 100 µl of tocyte culture (26), resulting in better preservation of SAPNF 1% was added, mixed well by gentle pipetting; hepatocyte functionality. In this study, we have paid immediately after, 50 µl of PBS was added, mixed genclose attention to this self-assembling peptide nanofiber tly, and the mixture was pulled by a syringe with 20-(SAPNF) and tested its ability to function in vivo.
gauge needle to avoid bubble formation. For the intras-SAPNF hydrogel is formed by four repeats of alternatplenic injection, a 30-gauge was used. On the other ing hydrophilic and hydrophobic amino acids (36) hand, porcine hepatocytes were resuspended in 200 µl
. Its amof 9 µg collagen type I diluted with saline solution phyphilic peptides, charge density, and water-structuring mixed gently, with previous pH adjustment. A total of 1 abilities mimic the in vivo ECM. SAPNF forms nanofi-× 10 6 hepatocytes were transplanted. All surgical procebers that are significantly smaller than cells in comparidures were performed under inhalation anesthesia using son with the synthetic polymers PLLA, PGA, and diethyl ether (Nacalai Tesque). PLGA. Thus, they are surrounded by the scaffold, providing a temporary template with the biomechanical Transplantation Experiments structural characteristics of the native ECM until the cells produce their own (30, 36) .
As shown in Figure 1 , the experimental groups were divided into the following five groups: group 1: transHere we have demonstrated that SAPNF has an excellent ability to promote hepatocyte engraftment, mainplantation of 200 µl of 0.5% SAPNF-suspended porcine hepatocytes (1 × 10 6 ) (n = 10); group 2: transplantation taining tremendous hepatocyte functions capable of rescuing mice from ALF in a xenotransplantation model.
of 200 µl of collagen-suspended porcine hepatocytes (1 × 10 6 ) (n = 10); group 3: transplantation of porcine micrometer sections were prepared for immunofluorescence staining for porcine albumin expression using goat hepatocytes alone resuspended in 200 µl of medium (1 × 10 6 ) (n = 10); group 4: transplantation of cellular anti-pig albumin antibody (Bethyl, Laboratories Inc.) and followed by FITC-conjugated mouse anti-goat IgG homogenates (1 × 10 6 ) (n = 10); group 5: transplantation of 200 µl of 0.5% SAPNF alone without hepatocytes (Sigma). Localization of albumin was visualized by an Axiophot FL fluorescence microscope (CarlZeiss). (n = 10).
Transferase-mediated dUTP nick end labeling (TUNEL) Histological Examination assays was used to examine apoptosis in the transplanted porcine hepatocytes using an in situ cell death detection One week after hepatocyte transplantation (HTX), system, TMR Red (Roche Diagnostics, Mannheim, Gersplenectomy was performed in some animals for histomany). The slides were stained in the presence of termilogical examinations. The rest of the animals were folnal deoxynucleotidyl transferase enzyme according to lowed up posttransplantation for up to 30 days. To the manufacturer's protocol (Roche Diagnostics, Indiaprevent dehydration of the experimental animals, subcunapolis, IN). Red nuclei with nuclear condensation in taneous injection of 2 ml of saline was conducted on stained cells were considered as TUNEL positive. day 1 and on day 2 after 90% hepatectomy.
The liver and spleen specimens obtained from the Ultrastuctural Analysis mice were harvested and fixed with 10% buffered formalin, embedded in paraffin, and processed for staining For transmission electron microscope (TEM), specimens were fixed first in 2.5% glutaraldehyde in 0.1 M with hematoxylin and eosin (H&E).
The spleen specimens obtained from the mice trans-PB, and then in 1.0% OsO 4 in 0.1 M PB (pH 7.2). The samples were dehydrated through graded concentrations planted with porcine hepatocytes were also cryopreserved with optimal cutting temperature Tissue TECH of ethanol and embedded in Epon, as previously reported (19) . Ultrathin sections of the samples were doucompound (R&D Systems, Minneapolis, MN). Five-ble-stained with uranyl, and observed under TEM. Ten ing jaundice and hemorrhage, confirmed by the histological examination of the liver of massive necrosis and different areas were randomly chosen and examined.
hemorrhage (Fig. 2b) . In contrast, surviving mice with RNA Isolation and Quantitative RT-PCR Analysis HTX showed almost normal structure of the liver on day To evaluate the capacity of porcine hepatocytes to 30 (Fig. 2c ) when they were sacrificed for histological maintain gene expression after in vivo transplantation, examinations. total RNA was extracted from the spleen containing the TEM indicated good morphology among hepatocytes transplanted porcine hepatocytes under different condiwith cytoplasm and organelles well preserved, nucleus tions, using TRIzol (Invitrogen) reagent according to the with normal chromatin and dense nucleolus, bile canalimanufacturer's instruction. Porcine liver was used as a culi and gap junction between the cells, as well as glycopositive control. Reverse transcription (RT) was pergen particles, indicative of functional hepatocytes (Fig.  formed at 22°C for 10 min and then at 42°C for 20 min 2d, e). using 1.0 µg of RNA per reaction, to ensure that the amount of amplified DNAs was proportional to those of
Incorporation of Transplanted Hepatocytes specific mRNAs in the original samples, as previously
Into the Splenic Parenchyma reported (18) using specific porcine primers. The fol-H&E study of the spleen removed on day 7 from the lowing specific primers used were: albumin, sense 5′-mice with SAPNF porcine hepatocyte transplantation cttattccaggggtctgtttc-3′ and antisense 5′-tcgtttctctcaggct demonstrated viable porcine hepatocytes with trabecular cttct-3′, and G3PDH sense 5′-catcatccctgcttctaccg-3′ and arrangement (Fig. 3a) . The hepatocytes forming these antisense 5′-cctgcttcaccactttcttg-3′. The PCR products clusters were strongly positive to PAS staining (Fig. 3d) . were resolved on 1% agarose gels and visualized by On the other hand, there were considerably smaller clusethidium bromide staining. Glyceraldehyde-3-phosphate ters of the transplanted hepatocytes when collagen was dehydrogenase (G3PDH) served as an internal control used for transplantation or when hepatocytes were transfor the efficiency of mRNA isolation and cDNA synplanted alone (Fig. 3b, c) . These clusters were weakly thesis.
stained with PAS (Fig. 3e, f) . Immunofluorescent study demonstrated a stronger expression of albumin, indiStatistical Analyses cated by a green signal, in SAPNF porcine hepatocytes Mean values are presented with SDs. A two-tailed (Fig. 4a) than collagen ones and hepatocytes transStudent's t-test was used to calculate the significance of planted alone (Fig. 4b, c) . difference in mean values. The Kaplan-Meier method
In addition, TUNEL-positive apoptotic transplanted was used to calculate the survival data, and their signifihepatocytes, indicated by a red signal, were much less in cance was determined by the Mann-Whitney U-test.
SAPNF porcine hepatocytes (Fig. 4d ) than hepatocytes Bonferroni correction was conducted.A value of p < transplanted with collagen (Fig. 4e) . Considerably 0.05 was considered statistically significant.
smaller clusters of hepatocytes were observed in the RESULTS spleen of the mice receiving HTX alone. Such transplanted cells showed higher apoptotic signals (Fig. 4f) .
Transplantation of SAPNF Hepatocytes Prolonged the Survival of ALF Mice
Gene Expression Profile of the Porcine Hepatocytes We evaluated the effect of transplantation of SAPNF To determine the degree to which porcine hepatoporcine hepatocytes on the survival of SCID mice sufcytes were able to maintain the capacity of hepaticfering from ALF induced by 90% hepatectomy. After specific gene expression once transplanted between di-HTX, the mice receiving SAPNF hepatocytes showed vergent species, albumin was analyzed. We used RT-PCR better general health than mice with transplantation of to analyze gene expression of albumin (Alb) from the collagen-treated hepatocytes. The 30-day survival rate spleen of the transplanted animals. Albumin gene exof the mice was 70% for SAPNF hepatocyte transplantapression was maintained with higher intensity in animals tion, 50% for collagen hepatocyte transplantation, and transplanted with SAPNF porcine hepatocytes (Fig. 4g ). 40% for hepatocyte transplantation alone (Fig. 2a) . NoAlbumin gene expression was also detected in animals tably, all SCID mice in negative controls died of ALF transplanted with collagen porcine hepatocytes, although within 4 days after 90% hepatectomy, which was conto a lesser extent (Fig. 4g) . Similar results were observed firmed by the histological examinations (Fig. 2b, c) .
when hepatocytes were transplanted alone.
SAPNF Hepatocyte Transplantation Promoted

DISCUSSION Hepatocyte Regeneration, and Maintained Hepatocyte Ultrastructure
Hepatocytes are highly differentiated cells in the normal liver. However, once isolated, the cells quickly lose All of 90% hepatectomized mice without hepatocyte transplantation (control mice) died of ALF, demonstrattheir differentiated phenotype (12). The maintenance of Figure 2 . Survival of hepatectomized mice after hepatocyte transplantation and histological findings of ALF mice. We evaluated the effect of SAPNF transplantation on the surface of the spleen containing porcine hepatocytes on SCID mice that were hepatectomized (90% liver removal). (a) Survival was determined for 30 days. Seventy percent survival rate at 30 days was achieved in the mice with SAPNF porcine hepatocyte transplantation (G1, n = 10). On the other hand 50%, and 40% survival rate was achieved with collagen porcine hepatocytes (G2, n = 10), and hepatocytes alone (G3, n = 10), respectively. In contrast, control mice with transplantation of cellular homogenate (G4, n = 10) and no hepatocytes (G5, n = 10) died within 4 days due to liver failure. *p < 0.05 for G1 versus G2, G3, G4, and G5. the differentiated function of the isolated hepatocytes is a good attachment condition to the cells. Such atmosphere promoted cell-cell and cell-matrix interactions, a crucial issue in the development of liver cell-based therapies. The surrounding environment actively affects which coordinately modulate liver transcription factors and allowed the cultured hepatocytes to perform sophisdifferentiated characteristics of the hepatocytes and maintenance of the liver-specific functions requires a ticated functions (26). We have established a simple and functional transbasement membrane-like matrix as a scaffold. Focusing on the lack of available livers to performed therapies plantation procedure that can be used as a step for cellbased therapies. This method using SAPNF supported that help patients to bring them a temporal support while an organ becomes available or their own liver regenernot only the engraftment of transplanted hepatocytes but also the viability, resulting in a better survival rate of ates, we decided to test functions of porcine hepatocytes, because of their unlimited supply (25) .
animals suffering from ALF. In addition, these hepatocytes had the ability to express albumin similar to the In this study, we have applied a 3D scaffold, SAPNF, for transplantation of porcine hepatocytes in an ectopic native liver, as evaluated by immunostaining and gene expression analysis. This clearly demonstrated that site (the spleen) in order to improved the cell engraftment and maintain their function to help in the recovery SAPNF porcine hepatocytes integrated into the splenic pulp and interacted with surrounding cells and the scafof mice with liver failure.
This material previously tested for hepatocyte culture fold to build their own niche for a better survival. Although the survival in mice treated with SAPNF by our group was able to provide a 3D environment and porcine hepatocyte transplantation was significantly betby the cells, which helps to avoid occurrences of unwanted side effects (10). ter than the mice transplanted with collagen porcine hepatocytes or hepatocytes alone, we lost some animals.
In summary, the present study demonstrates an efficient transplantation system to use as a platform for heTo overcome this problem, it would be advantageous to improve the conditions in which hepatocytes are placed, patocyte transplantation. Because of the simplicity of our approach, such an intervention could represent a by a combination of growth factors such as HGF (dHGF) (6,33), because HGF is one of the most imporpossibility for future application in tissue-based therapies. tant key factors to facilitate liver regeneration after experimental hepatectomy (11, 22) , and to promote hepato-REFERENCES cyte differentiation (33). Additional factors that might induce the decrease of hepatocyte functions in vivo
